Background: In a previous study of the properties of red blood cells (RBC) trapped in an optical tweezers trap, an increase in the spectrum of Brownian fluctuations for RBCs from a Plasmodium falciparum culture (due to increased rigidity) compared with normal RBCs was measured. A bystander effect was observed, whereby RBCs actually hosting the parasite had an effect on the physical properties of remaining non-hosting RBCs.
Introduction
The virulence of Plasmodium falciparum is primarily caused by structural and mechanical changes induced in red blood cells (RBC), 1 -3 which severely impairs their circulation in the body. 4 We have previously shown that the resultant changes in RBCs can be quantified by measuring the properties of individually trapped RBCs held in an optical tweezers trap. 5 The spectrum of Brownian fluctuations of each trapped RBC was measured and a statistically significant difference in the distribution between RBCs from a normal sample and those from a P. falciparum-infected culture was observed. In both cases the medium used for trapping was the same PBS; the difference lay in whether the RBCs were extracted from a normal sample or an infected culture.
The spectrum of Brownian fluctuations in the trap has a Lorentzian distribution, 5 characterised by a rollover frequency called the corner frequency (f c ). The f c is a measure of the trap strength and depends on physical properties of the trapped particle, such as its refractive index, shape and size. Thus, measurement of f c for a trapped RBC gives a direct measurement of the structural properties of the RBC. In our previous study, 5 a 25% increase in the mean value of f c (averaged over 25 cells) for RBCs from an infected culture compared with normal RBCs was found. We attributed the change to substance(s) affecting the RBC membrane, which were making it rigid compared with the pliable nature of a healthy RBC. This hypothesis is consistent with histopathological findings of reduced microcirculation in malarial infection. 6 -8 Another commonly used method for studying RBC deformability is ektacytometry. 9 Clinical studies of malaria with ektacytometry have measured RBC deformability using a Laserassisted Optical Rotational Cell Analyzer (LORCA). However, the deformability estimates obtained in those studies are a summation of all the RBC fractions, i.e. uninfected and infected RBCs. 6, 7 In contrast, our method is more sensitive because it relies on single-cell measurements.
One interesting observation in our earlier work was what we called the bystander effect, namely a change in the properties of RBCs that did not actually host the parasite but were from the infected medium. This is an important finding because only about 5% of RBCs in the culture actually host the parasite, and the majority of RBCs are parasite free. Since the RBCs being measured in our earlier work were chosen at random and no attempt was made to see whether or not they actually hosted the parasite, it is likely that the majority of RBCs used for the measurement did not host the parasite. Our observations are supported by two previous studies: one where an alteration of the properties of uninfected RBCs in a P. falciparum culture was seen; 10 and the second where a comparison of the deformability of normal and P. falciparum-infected RBCs found an effect of parasitised RBCs on the uninfected RBCs. 11, 12 Identification of the substance(s) responsible for this effect will lead to a better understanding of the disease and may provide new drug targets against P. falciparum infection.
We therefore studied the bystander effect in more detail with two further experiments. The first experiment was designed to see whether there was a measurable difference between RBCs in the culture that actually hosted the parasite and those that did not. The second experiment was designed to study the influence of the medium on the properties of the RBCs.
Methods
The experiments were carried out at the Indian Institute of Science, Bangalore, India from March to December 2010. A description of the optical tweezers set-up has been presented in detail in our earlier work 5 and is shown schematically in Figure 1 . One difference from the previous set-up is the use of two lenses to image the laser beam on to the back plane of the objective. This gives better control over the size and position of the beam. A magnification of 2.5 for the two lens system is chosen so that the beam fills the back aperture of the objective.
The control experiments were done with normal cells (nRBC), which were prepared in the following manner. Blood was first collected from an O-positive donor in acid citrate dextrose. It was spun at 2000 rpm for 15 min and the plasma and buffy coat at the top of the RBC pellet were removed. The packed RBCs were washed with RPMI medium and maintained as 50% suspension in RPMI. For the measurement, the nRBCs were suspended in 1× PBS solution. Individual cells were trapped with a laser power of 300 mW measured at the input to the microscope, which reduced to about 10% of this value at the sample plane owing to the transmission of the objective at the trapping wavelength. The f c of each trapped RBC was then measured as follows. The Brownian fluctuation in the trap along the x direction was measured by the quadrant photodetector; the fluctuations were measured as a discrete time series at a sampling rate of 16 kHz for a total sample length of 100 000 points; and the data were fast Fourier-transformed to yield the noise spectrum, which was fitted to a Lorentzian line shape to yield f c . 5 The combination of the new alignment technique with two lenses and the degradation of objective transmission over time has meant that the mean f c for nRBCs has decreased by about 15% from our earlier work.
To study malaria-infected RBCs (mRBC), the cells were first cultured in vitro. This was done using the P. falciparum laboratory strain 3D7, according to a standard protocol using the candle-jar method. 13 The strain was cultured in a RPMI-1640 medium supplemented with 10% O-positive human serum at a final haematocrit of 5%. The spent medium was removed and replenished every 24 h. The cells were used for measurement once the parasitaemia had increased up to 5%, which typically took five generations. Measurement was done by suspending the mRBCs in 1× PBS solution, trapping individual mRBCs with an input power of 300 mW, and measuring the f c as described above.
The developmental stages for P. falciparum infection encompass three maturation stages, namely ring, trophozoite and schizont.
14 In our earlier work, we had shown that the measured change in the mean f c was independent of the stage of infection and its duration. Therefore, in this study we used both cultures that were synchronised for a particular stage (according to the procedure given by Lambros and Vanderberg 15 ) and cultures that were unsynchronised. For the first experiment, a synchronised culture (ring or trophozoite stage) was used, which was separated into two parts, one part purified to contain .95% RBCs that actually hosted the parasite (hosting mRBCs) and the second part containing the remaining non-hosting RBCs (non-hosting mRBCs). The culture was purified using the Percoll density gradient method as described previously. 16 The purified mRBCs from the two parts (hosting and non-hosting) were suspended in 1× PBS, held individually in the trap with an input power of 300 mW, and their f c measured as before.
For the second experiment, an unsynchronised culture was used, i.e. one that contained a mixture of all stages, since we were primarily interested in studying the influence of the medium on the RBCs. The spent medium was collected from the infected RBC culture by subjecting it to centrifugation at 4000 rpm for 15 min. This procedure effectively sediments all the RBCs and ensures that there are no parasites left in the medium. Normal RBCs were added to this spent medium and were incubated for varying lengths of time ranging from 6 to 48 h at intervals of 6 h. The RBCs were then extracted and suspended in a 1× PBS solution for the measurements. Single RBCs were trapped with an input power of 300 mW and their f c measured as before.
One more control experiment was designed to ensure that the measured change was not due to healthy RBCs being exposed to culture conditions. We wanted to be sure that the properties of the RBCs were not being affected by the storage medium or the culturing process. We therefore prepared a sample of normal RBCs using the same procedure for culturing (including the incubation time) as for the infected sample. Measurements on a set of the cultured but normal RBCs gave a mean f c within a few percent of the value for the uncultured RBCs. A. Paul et al.
It is important to note that the trapping environment (in terms of the surrounding medium and laser power) was the same for all experiments. In particular, the 1× PBS medium does not absorb at the laser wavelength of 1064 nm, which is important since it has been shown that even weak absorption can contribute to overall trapping due to thermal effects. 17 The f c can also increase if the trapping plane comes close to the glass surface of the sample holder. To ensure that this did not happen, we kept the trapping plane about 100 mm above the glass surface. We further monitored an image of the trapping plane with a CCD camera to see that there was a trapped RBC at the focus. Thus, only changes in the properties of the trapped RBC were being measured.
Results
The first experiment to verify the bystander effect was to measure the properties of mRBCs (i.e. cells from an infected culture) that were purified into two sets, one that hosted the parasite and the other that did not. This was different from our earlier work where no attempt was made to identify the hosting mRBCs from the non-hosting mRBCs and where the mRBCs were chosen at random for the measurement. For each set of purified mRBCs, the corner frequencies were measured for 25 cells at an input trapping power of 300 mW. The measurements were started within 15 min of preparing the sample and the entire set took about 2 h. The data points for each set were first plotted as a histogram to verify that the distribution was Gaussian and then the mean and SD were calculated. As a control, the measurement was repeated for a set of 25 nRBCs. While the measurements for the infected culture were done for two stages of infection (ring and trophozoite), for ease of comparison only the results for the trophozoite stage are presented. The histograms for nRBCs and non-hosting mRBCs are compared in Figure 2 . The two sets were clearly distinct and well separated, and the figure shows that the distribution of non-hosting mRBCs was significantly higher. The histogram for the set of hosting mRBCs (not shown) was similar to the one for non-hosting mRBCs.
The mean and SD for the three sets are presented in Table 1 , along with the error in the mean. The error in the mean was obtained by dividing the SD by the square root of the number of points, i.e. 5 in this study. Consistent with our earlier work, 5 there was a 22% increase in the mean value ( f c ) when going from nRBCs to mRBCs. More importantly, the change was almost the same whether we considered only the hosting mRBCs or only the non-hosting mRBCs. This is a direct confirmation of the bystander effect and the influence of the medium on the cells. The distributions of f c for hosting and non-hosting mRBCs were similar (p ¼ 0.28) but both were significantly different to that for nRBCs (p , 0.001).
The second experiment was designed to study the effect of an infected medium on normal cells. nRBCs incubated in the spent medium were extracted after 6-h intervals for measurement. The f c for a set of 25 nRBCs was measured in the trap and the mean was calculated. The results of f c for these incubation times are shown in Figure 3 . From the previous experiment (see Table 1 ), the mean value was 25.6 Hz for nRBCs and 31. 
Discussion
These results confirm our earlier observation of the bystander effect. Independent work by others 7, 10, 11 has also found an effect on non-hosting RBCs. The bystander effect is similar to observations of rosetting in P. falciparum infection, which have shown that non-hosting mRBCs can bind to hosting mRBCs following their activation by some released substance in the medium. 18, 19 One study concluded that the parasite-induced molecules on the surface of the infected RBCs, which mediate rosetting, may be an important candidate in malaria therapy or in a malaria vaccine. In addition, there are several reports on sickle cell disease RBCs that show pathological binding characteristics, 20, 21 which are also probably caused by substances in the medium. However, our sensitive technique provides direct evidence of the medium-induced modification to the properties of the RBCs. It is well known that RBCs subjected to optical forces undergo folding and deformation, which can significantly affect the f c . 11 However, our technique measures only the changes in these properties due to malarial infection. Similarly, parasite-induced changes in the refractive index of the cell can change the f c , but will show up in our experiments only if they cause a change in the non-hosting cells.
Our next goal is to try and identify the substance (protein or chemical) responsible for the bystander effect by separating the medium into fragments of different weights, or by radiolabelling of proteins (such as ring-infected erythrocyte surface antigen 1 ) that are known to influence deformability of the RBC. Identification of the substance(s) responsible and their inhibition may lead to new drug targets against P. falciparum infection.
